Since its inception in 490 bc,^[@bibr48-1941738111400561]^ the marathon has been an amazing human accomplishment. Recently, participation in marathons and half marathons has gained increasing popularity for a variety of reasons, including the presumed health benefits and the importance of exercise in daily routines.^[@bibr38-1941738111400561]^ Along with this increasing involvement of the general population in marathons, reports have surfaced regarding the injuries and illnesses associated with distance running.^[@bibr47-1941738111400561]^

The most frequent medical complications described in distance exercise are related to hyponatremia.^[@bibr42-1941738111400561]^ Excess hydration with water has been linked to hyponatremia,^[†](#fn1-1941738111400561){ref-type="fn"}^ although it is uncertain whether this is from hydration before the race or during the race. With progression of exercise-associated hyponatremia, adverse events can occur, including altered sensorium, seizures, pulmonary edema, and even death.^[@bibr4-1941738111400561],[@bibr23-1941738111400561],[@bibr44-1941738111400561],[@bibr53-1941738111400561]^ However, it is unclear from these studies whether and to what degree hyponatremia is present prerace.

The role of hydration in physical activity has been investigated in a variety of studies.^[‡](#fn2-1941738111400561){ref-type="fn"}^ The American College of Sports Medicine supports the concept that the salt content of the hydration beverage is an important consideration during physical activity.^[@bibr8-1941738111400561]^ Unfortunately, blanket guidelines on the type or amount of fluid to prevent hyponatremia or renal dysfunction are not possible, given the wide variability in individual sweat rates and renal water excretion, in addition to the range of environmental conditions possible on race day.^[@bibr20-1941738111400561]^

The limitations of prior studies on endurance activity are threefold: Sample sizes are frequently small^[§](#fn3-1941738111400561){ref-type="fn"}^; prerace parameters are not measured^[‖](#fn4-1941738111400561){ref-type="fn"}^; and sodium is frequently the only reported electrolyte.^[@bibr2-1941738111400561],[@bibr4-1941738111400561],[@bibr9-1941738111400561],[@bibr14-1941738111400561],[@bibr28-1941738111400561],[@bibr32-1941738111400561]^ Additionally, many earlier studies were based on the performance of elite athletes or individuals presenting for medical attention. The associations developed from these data must be critically evaluated in light of these weaknesses.

By collecting blood samples in the prerace environment, any preexisting hematologic or electrolyte disturbances that may increase susceptibility to metabolic derangements in the postrace setting can be identified. Continuing data collection in the postrace setting with parallel blood measures allows detection of changes. These analyses, as set in a large participant population and in persons not necessarily presenting for acute medical attention, are intended to more accurately describe the metabolic effects of participating in distance running.

Methods {#section1-1941738111400561}
=======

This article is an observational cross-sectional study of consenting runners who participated in the annual Mayo Clinic--affiliated National Marathon to Fight Breast Cancer full and half marathons in February 2008. The Institutional Review Board approved this study. The study protocol included all volunteers without regard to race, ethnicity, or sex. Informed consent and a Health Insurance Portability and Accountability Act waiver were used for those who agreed to participate.

Participants {#section2-1941738111400561}
------------

Registrants for the race were eligible for participation, were informed about this volunteer study via e-mail, and approached during the Health Expo in the 2 days before the race. Racers who consented were identified by a brightly colored sticker on their race bib numbers. Participants were included without regard to the degree of running experience or medical history. Individuals younger than 18 years of age were excluded.

Procedures {#section3-1941738111400561}
----------

Parallel blood measures were obtained prerace (morning) and postrace (immediately after completion). Venous blood was tested via a finger stick and Nova Stat Profile Critical Care Xpress blood analyzers (Nova Biomedical Corporation, Waltham, Massachusetts). Calibration and quality control of the Nova machine were performed automatically and met industry standards. Finger stick was via small sterile lancets similar to those used for testing venous glucose.

Outcome Measures {#section4-1941738111400561}
----------------

The main outcome measures were hyponatremia, hypokalemia, renal dysfunction, and hemoconcentration before and after the race. Secondary outcome measures included the mean changes in these metabolic parameters.

Sample Size Considerations {#section5-1941738111400561}
--------------------------

The target enrollment for this study was 250 runners, based on an expected volunteer rate of 5% of the 5000 race participants. The enrollment was limited by logistics of staffing and resources. After allowing for the loss of up to 20% owing to inadequate blood samples or failure to present for analysis (final n = 200), power calculations determined that the prevalence of metabolic abnormalities could be estimated (as a binomial proportion) to within a 3% to 7% margin of error for values between 5% and 95%.

Analysis {#section6-1941738111400561}
--------

To ensure accurate and complete data collection, a random 5% audit was conducted. Staff were blinded to runner-identifying information during data entry by using race/bib numbers as numeric identifiers.

Subsequent analysis was performed by dividing runners into 2 groups by race distance ([Figure 1](#fig1-1941738111400561){ref-type="fig"}). Approximately equal numbers of pairs were available for paired data set analysis (79 half marathon pairs vs 70 full marathon pairs).

![Data flow in the prerace and postrace setting by race distance.](10.1177_1941738111400561-fig1){#fig1-1941738111400561}

The Wilcoxon signed-rank test for paired data was used to determine if statistically significant changes in these parameters occurred from prerace to postrace. Paired data set analyses therefore allowed for examination of within-subject changes.

For the purposes of analyses, laboratory abnormalities were defined ([Table 1](#table1-1941738111400561){ref-type="table"}) in part on the basis of prior reports^[@bibr3-1941738111400561],[@bibr11-1941738111400561],[@bibr45-1941738111400561],[@bibr52-1941738111400561]^ and laboratory cutoffs. Additionally, [Table 2](#table2-1941738111400561){ref-type="table"} lists the characteristics of study participants according to race distance.

###### 

Laboratory abnormality definitions.

  -------------------------------------------------------------------------------------- ----------------------
  Hyponatremia, sodium                                                                   \< 135 mmol/L
   Moderate                                                                              ≤ 130
   Severe                                                                                ≤ 125
  Hypokalemia, potassium                                                                 \< 3.6 mmol/L
   Moderate                                                                              ≤ 3.0
   Severe                                                                                ≤ 2.5
  Renal dysfunction, BUN / Cr^[*a*](#table-fn1-1941738111400561){ref-type="table-fn"}^   \> 21 / \> 1.1 mg/dL
   Moderate                                                                              ≥ 30 / ≥ 1.4
   Severe                                                                                ≥ 40 / ≥ 2.0
  Hemoconcentration, hemoglobin                                                          
   Females                                                                               \> 15.5 g/dL
   Males                                                                                 \> 17.0
  -------------------------------------------------------------------------------------- ----------------------

Blood urea nitrogen/creatinine.

###### 

Characteristics of study participants according to race distance.

                                                                                                        Race Distance                           
  ------------------------------------------------------------------------------- ------------------ -------------------- --------------------- ---------
  Sex, male^[*a*](#table-fn2-1941738111400561){ref-type="table-fn"}^                 73/250 (29%)        33/125 (26%)         40/125 (32%)      0.33
  Age, years^[*b*](#table-fn3-1941738111400561){ref-type="table-fn"}^                 46 (20-71)          45 (24-71)           46 (20-70)       0.73
  Finish time, minutes^[*b*](#table-fn3-1941738111400561){ref-type="table-fn"}^    240 (90.6-398.7)   166.1 (90.6-358.6)   333.7 (194.4-398.7)  \< 0.01
  Pace, minutes/mile^[*b*](#table-fn3-1941738111400561){ref-type="table-fn"}^      12.7 (6.9-27.4)     12.7 (6.9-27.4)       12.7 (7.4-15.2)    0.47

Categorical variable reported as fraction (percentage), with comparison between half and full marathoners performed with the Fisher exact test.

Continuous variable reported as median (range), with comparison between half and full marathoners performed with the Wilcoxon rank-sum test.

Results {#section7-1941738111400561}
=======

Enrollment limit was met early on the second day of the 2-day Health Expo. Although target enrollment was met without difficulty, almost one-fifth of enrolled runners did not present for finger stick sampling: 18% prerace (46 of 250) and 19% postrace (47 of 250). An additional 46 fingerstick samples were lost (39 prerace and 7 postrace samples) during the process of laboratory analysis because of insufficient sample volume. A total of 161 and 195 records remained for prerace and postrace analyses, respectively.

On race day, at 8:00 [am]{.smallcaps} just before the start of the race, the temperature was 64°F (17.8°C) with 88% humidity. At 2:00 [pm]{.smallcaps}, the maximum temperature of the day was 76°F (24.4°C) with 43% humidity. Our study sample had 29% male participation: 26% in the half marathon group and 32% in the full marathon group.^[@bibr6-1941738111400561]^

In sum, 165 individuals responded to the athletic history survey question regarding number of previous half marathons completed: Values ranged from 1 to 57 prior races, with a mean of 8 and a median of 4. For the number of prior full marathons completed, 133 individuals responded: range, 1 to 187 prior races; mean, 12; median, 4 races. With regard to runners' nonsteroidal anti-inflammatory drug usage, 101 of 250 (40.4%) reported regular usage, and 42 of 250 (16.8%) reported using an nonsteroidal anti-inflammatory drug on the morning of the race or during the race.

The overall means for paired data (ie, within-subject changes) were similar to all participant means ([Table 3](#table3-1941738111400561){ref-type="table"}): Prerace and postrace values for potassium, creatinine (Cr), and hemoglobin were identical. Mean prerace sodium was similar (138.4 mmol/L for all participants and 138.3 mmol/L for paired runners) and was identical postrace (140.0 mmol/L). Blood urea nitrogen (BUN), however, was slightly higher in paired runners both prerace and postrace (12.9 mg/dL and 15.7 mg/dL, respectively) when compared with the all-participants group prerace and postrace (12.8 mg/dL and 15.4 mg/dL). Similar findings were observed when examined by race distance ([Tables 4](#table4-1941738111400561){ref-type="table"} and [5](#table5-1941738111400561){ref-type="table"}).

###### 

Laboratory measures: Paired data only.^[*a*](#table-fn4-1941738111400561){ref-type="table-fn"}^

                               Mean Values   
  ---------------------------- ------------- -------------
  Sodium, mmol/L               138.3 (3.5)   140.0 (4.5)
  Potassium, mmol/L            5.4 (1.2)     5.2 (1.1)
  Blood urea nitrogen, mg/dL   12.9 (3.5)    15.7 (4.2)
  Creatinine, mg/dL            0.9 (0.2)     1.1 (0.3)
  Hemoglobin, g/dL             13.7 (1.1)    13.9 (1.2)

n = 149 pairs, except blood urea nitrogen (n = 147 pairs).

###### 

Half marathon: Paired data only.^[*a*](#table-fn5-1941738111400561){ref-type="table-fn"}^

                               Mean Values   
  ---------------------------- ------------- -------------
  Sodium, mmol/L               137.9 (4.3)   140.5 (3.8)
  Potassium, mmol/L            5.4 (1.1)     5.4 (1.2)
  Blood urea nitrogen, mg/dL   13.3 (4.1)    15.2 (4.2)
  Creatinine, mg/dL            0.9 (0.3)     1.1 (0.4)
  Hemoglobin, g/dL             13.6 (1.3)    13.6 (1.2)

n = 79 pairs, except blood urea nitrogen (n = 78 pairs).

###### 

Full marathon: Paired data only.^[*a*](#table-fn6-1941738111400561){ref-type="table-fn"}^

                               Mean Values   
  ---------------------------- ------------- -------------
  Sodium, mmol/L               138.8 (2.1)   139.5 (5.1)
  Potassium, mmol/L            5.5 (1.2)     5.1 (1.0)
  Blood urea nitrogen, mg/dL   12.4 (2.7)    16.2 (4.1)
  Creatinine, mg/dL            0.9 (0.2)     1.1 (0.3)
  Hemoglobin, g/dL             13.7 (0.9)    14.2 (1.2)

n = 70 pairs, except blood urea nitrogen (n = 69 pairs).

More half marathoners (5 of 84, 6.0%) than full marathoners (3 of 77, 3.9%) were hyponatremic prerace, with 1 half marathoner severely hyponatremic. At the completion of the race, 3 times as many full marathoners were hyponatremic (12 of 89, 13.5%; 4 of 106, 3.8%; respectively). Hypokalemia was essentially nonexistent; only 1 runner postrace was mildly hypokalemic. Mean values of potassium were high (\> 5 mmol/L) in all subgroups, more so prerace, presumably as a result of hemolysis during finger stick blood sampling.

Renal dysfunction (BUN \> 21 or Cr \> 1.1 mg/dL) was present in 8.7% of racers prerace and in 42.6% of racers postrace. A greater number and percentage of half marathoners had preexisting renal dysfunction (9 of 84, 10.7%) than did full marathoners (5 of 77, 6.5%). Postrace renal dysfunction was prevalent for both race distances, with a slightly greater percentage of full marathoners meeting criteria for overall renal dysfunction (43 of 89, 48.3%, with BUN \> 21 or Cr \> 1.1 mg/dL) and moderate renal dysfunction (21 of 89, 23.6%, with BUN \> 30 or Cr \> 1.4 mg/dL). Of all participants with postrace renal dysfunction, 45.8% (38 of 83) were classified as moderate or severe.

Hemoconcentration (similar to hyponatremia and renal dysfunction) was more prevalent among half marathoners prerace (2 of 84, 2.4%) than full marathoners (0 of 77, 0.0%). Postrace prevalence was higher in full marathoners than in half marathoners (4 of 89, 4.5%; 2 of 106, 1.9%, respectively).

All laboratory values except potassium increased postrace. For potassium, no mean change was observed in the half marathon group (*P* = 0.72), whereas negative mean changes were observed in the full marathon (*P* = 0.04) and all participant groups (*P* = 0.08), but these differences were not statistically significant.

The mean change in sodium (postrace minus prerace) was statistically significant in the half marathon group and among all participants (*P* \< 0.01 for both) but not in the full marathon group (*P* = 0.31). The estimated mean change in BUN and Cr was statistically significant for all groups (*P* \< 0.01). Full marathoners had a mean change double that of half marathoners: BUN increased 3.8 mg/dL and 1.9 mg/dL and Cr, 0.2 mg/dL and 0.1 mg/dL, for full and half marathoners, respectively. No mean change was observed for hemoglobin among half marathoners (0.0 g/dL, *P* = 0.56), whereas a statistically significant mean change was observed among full marathoners (0.6 g/dL, *P* \< 0.01). Among all participants, the mean change in hemoglobin was 0.3 g/dL (*P* = 0.01).

Analysis of the overall means of laboratory measures of all participants by sex revealed that men had higher levels of Cr and hemoglobin before and after the race (*P* \< 0.01). Postrace men had slightly higher sodium levels as well (*P* = 0.01). When analysis was limited to paired data only, both women and men had within-subject changes for BUN and Cr that were statistically significant (*P* \< 0.01). Additionally, both women and men had increases in sodium levels (*P* = 0.01).

When limited to half marathon participants, overall means revealed similar differences by sex. Men had statistically significant higher Cr levels (postrace only) and hemoglobin levels (prerace and postrace) (*P* \< 0.01). Paired data analysis by sex for half marathon participants revealed statistically significant within-subject changes only for women's sodium and BUN levels (*P* \< 0.01).

Full marathon overall laboratory means by sex revealed similar findings as for all-participant data analysis: Men had higher Cr and hemoglobin levels in both prerace and postrace settings (*P* \< 0.01). Paired data only for full marathoners by sex revealed statistically significant within-subject changes for BUN (women and men, *P* \< 0.01) and Cr (women, *P* \< 0.01; men, *P* = 0.01).

Prevalence of metabolic abnormalities by sex revealed that postrace, men were more likely to have moderate renal dysfunction, both in the all-participants group and full marathon group (*P* \< 0.01). No other statistically significant differences in rates of metabolic abnormalities by sex were observed.

Discussion {#section8-1941738111400561}
==========

This observational cross-sectional study of volunteer runners examined several laboratory measures that are essential in the normal physiologic regulation of the body.^[@bibr1-1941738111400561]^ Despite a large and growing body of literature on endurance sports, it is unclear what degree of laboratory derangements are well tolerated by runners without untoward effects.^[@bibr9-1941738111400561],[@bibr19-1941738111400561]^ Although metabolic derangments were not uncommon---particularly, renal dysfunction---the clinical significance of these derangments is not known.

The overall means of all laboratory measures were within normal limits by our definitions, with the exception of postrace Cr in the full marathon group (1.2 mg/dL).^[@bibr33-1941738111400561],[@bibr38-1941738111400561],[@bibr52-1941738111400561]^ The effect of participating in prolonged endurance exercise for the general population appears to be safe in the majority of racers.^[@bibr31-1941738111400561],[@bibr36-1941738111400561],[@bibr50-1941738111400561]^

There was a subgroup of individuals in our study who did not have normal laboratory findings before the race start. Few other studies have examined prerace sodium levels^[@bibr9-1941738111400561],[@bibr28-1941738111400561],[@bibr51-1941738111400561]^ without noting prerace hyponatremia. This study suggests that some runners are hyponatremic before starting the race: 5 of 84 of half marathoners (6.0%), 3 of 77 of full marathoners (3.9%), and 8 of all 161 racers (5.0%).

The half marathon group had a higher percentage of racers with hyponatremia, renal dysfunction, and hemoconcentration before the race. This group may have been less experienced and perhaps less prepared and may have started the race overhydrated (hyponatremia) or underhydrated (renal dysfunction or hemoconcentration). Recognized risk factors for exercise-associated hyponatremia (but not necessarily renal dysfunction or hemoconcentration) include female sex^[@bibr2-1941738111400561],[@bibr4-1941738111400561],[@bibr14-1941738111400561],[@bibr22-1941738111400561],[@bibr41-1941738111400561]^ and event inexperience.^[@bibr22-1941738111400561],[@bibr39-1941738111400561],[@bibr53-1941738111400561]^

Although the primary outcome measures (hyponatremia, renal dysfunction, and hemoconcentration) were less prevalent prerace among full marathoners than half marathoners, full marathoners had higher rates (13.5%, 48.3%, and 4.5%, respectively) than did half marathoners (3.8%, 37.7%, and 1.9%, respectively) upon completion of the race. The 13.5% rate of exercise-associated hyponatremia among full marathoners postrace (8.2% rate among all runners) warrants further discussion. Runners appear to be drinking excessively. Similar rates (9% and 13%) have been cited in recent studies from North American marathons,^[@bibr2-1941738111400561],[@bibr22-1941738111400561]^ but in other regions of the world (and in events with fewer aid stations) lower rates have been reported (0%-4%).^[@bibr28-1941738111400561],[@bibr34-1941738111400561],[@bibr36-1941738111400561],[@bibr50-1941738111400561]^ Aid stations were positioned approximately every mile along the course of the marathon, and this ease of access to fluids is a possible link to exercise-associated hyponatremia.^[@bibr40-1941738111400561],[@bibr43-1941738111400561]^ Aggressive hydration strategies may lead to excessive fluid consumption. The median finishing time for full marathoners in our study was 333.7 minutes, or just over 5.5 hours. Finishing times of greater than 4 hours^[@bibr2-1941738111400561],[@bibr19-1941738111400561],[@bibr23-1941738111400561],[@bibr26-1941738111400561],[@bibr43-1941738111400561],[@bibr45-1941738111400561]^ have been cited as a risk factor for the development of exercise-associated hyponatremia.^[@bibr2-1941738111400561],[@bibr18-1941738111400561],[@bibr22-1941738111400561],[@bibr25-1941738111400561],[@bibr41-1941738111400561],[@bibr43-1941738111400561]^ Potassium fluctuations, however, are generally negligible among all racers.^[@bibr31-1941738111400561],[@bibr34-1941738111400561],[@bibr36-1941738111400561],[@bibr50-1941738111400561],[@bibr51-1941738111400561]^

We are not able to report whether the renal dysfunction observed in this study was clinically significant, because we do not know how many participants sought medical attention for dehydration, renal failure, or other associated complications. Prior reports have demonstrated small elevations of serum Cr concentrations as a result of endurance exercise.^[@bibr25-1941738111400561],[@bibr31-1941738111400561],[@bibr34-1941738111400561],[@bibr50-1941738111400561]^ In this study, high rates of "moderate" renal dysfunction were found in the postrace setting among half and full marathoners, but this may be due to our definition of renal dysfunction. Because a glomerular filtration rate was not calculated, we are unable to conclude whether these observed abnormalities would persist at such rates if age, weight, and race were incorporated into renal function calculations.^[@bibr17-1941738111400561],[@bibr30-1941738111400561],[@bibr38-1941738111400561]^

Why half marathoners had a statistically significant mean increase in sodium levels (*P* \< 0.01) versus full marathoners (*P* = 0.31) is unclear. Although the clinical significance of these findings is unknown, an increase in sodium levels^[@bibr31-1941738111400561],[@bibr32-1941738111400561]^ may represent a potential marker of dehydration or volume contraction. Change in hemoglobin, however, as a marker of dehydration was larger in the full marathon group than in the half marathon group (0.6 g/dL vs 0.0 g/dL), and this difference was statistically significant in only the full marathon group (*P* \< 0.01). Presumably, race distance may play a significant role in observed rates of hemoglobin change, but again, it is unclear if these findings have clinical significance.

The mean changes observed in the markers of renal dysfunction (BUN and Cr) were statistically significant (*P* \< 0.01) across all groups, but the clinical significance is again questionable. The cause of a mean change in BUN (3.8 mg/dL) and Cr (0.2 mg/dL) for the full marathon group, which was double that of the half marathon group (BUN 1.9 mg/dL, Cr 0.1 mg/dL), is uncertain. Although the degree of change in BUN and Cr appears to be race-distance related, we cannot conclude whether this association is linear or whether it applies to distances longer than a full marathon.

Sex differences in metabolic findings occur frequently. The higher prerace Cr observed in men among all participants and in the full marathon group likely represents differences in weight and may not persist if glomerular filtration rate is used. Similar reasoning explains consistently higher hemoglobin levels in men across all groups. Interestingly, the sex difference in Cr did not occur in the half marathon group (*P* = 0.07); however, the number of men available for this comparison was small (n = 21).

For paired data analysis by sex, both women and men frequently had statistically significant changes for markers of renal function (BUN and Cr). For the half marathon group, women had increases in BUN (*P* \< 0.01) and Cr (*P* = 0.01) that were not observed among men---likely a function of the small paired data sample size of men (n = 19) available for comparison.

Given that no significant differences except for renal dysfunction were observed between women and men in rates of metabolic abnormalities, we can conclude that both sex are equally likely (or unlikely) to develop such abnormalities. The significantly higher rates of moderate renal dysfunction postrace among men in the all-participant group and full marathon group (*P* \< 0.01) may have resulted in part because of our cutoff definitions of renal dysfunction. Despite this, men were nearly 6 times (all participants) or 9 times (full marathon group) as likely as women to develop moderate renal dysfunction. Differences in race pace^[@bibr25-1941738111400561]^ and hydration strategies^[@bibr36-1941738111400561]^ might be causes of this sex-based discrepancy in the observed renal parameters.

Although the study methodology is a strength, this design has limitations. Runners were not selected at random for participation; they were self-selected. This introduces selection bias because these individuals are potentially more interested in the health outcomes associated with distance running. Second, there were incomplete data sets because some participants presented only prerace or postrace and not for both; therefore, this limited the paired data set analysis. Also limiting paired data analysis was the loss of 39 "quantity not sufficient" blood samples in the prerace setting---likely due to the colder, morning conditions and associated peripheral vasospasm in the runners' fingers. Note that the number of "quantity not sufficient" samples in the postrace setting was only 7, presumably because blood samples were much easier to obtain from the warmer digits of runners who had just completed the race. Third, data were not collected on the degree of effort (ie, running most of the race, walking most of the race, or both). Race pace could affect the observed laboratory values. A small number of participants (\< 15) identified themselves as "walkers," but they were included in the analysis as runners.

Conclusions {#section9-1941738111400561}
===========

Metabolic abnormalities are not uncommon among endurance racers, and they may be present prerace, including hyponatremia. The clinical significance of these findings is unknown, and participation in distance running events appears to be safe for the majority of racers.
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